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We report 3D coherent diffractive imaging of Au/Pd core-shell nanoparticles with 6 nm 
resolution on 5-6 femtosecond timescales. We measured single-shot diffraction patterns 
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of core-shell nanoparticles using very intense and short x-ray free electron laser pulses. 
By taking advantage of the curvature of the Ewald sphere and the symmetry of the 
nanoparticle, we reconstructed the 3D electron density of 34 core-shell structures from 
single-shot diffraction patterns. We determined the size of the Au core and the thickness 
of the Pd shell to be 65.0±1.0 nm and 4.0±0.5 nm, respectively, and identified the 3D 
elemental distribution inside the nanoparticles with an accuracy better than 2%. We 
anticipate this method can be used for quantitative 3D imaging of symmetrical 
nanostructures and virus particles.      
PACS numbers: 81.07.-b, 61.46.-w, 68.37.Yz, 82.65.+r  
Core-shell nanoparticles exhibit unique electronic, chemical, catalytic and optical 
properties that have found applications across several disciplines [1-4]. Conventional 
methods to characterize these nanoparticles rely on electron microscopy, scanning probe 
microscopy, x-ray diffraction, scattering and spectroscopic techniques. Although atomic 
electron tomography has recently been used to determine the 3D structure of nanoparticles at 
the single atom level, the sample has to be thin enough to mitigate the dynamical scattering 
effect [5,6]. Scanning probe microscopy is limited to studies of surface structures and x-ray 
diffraction and scattering methods only provide average structural information [1,3,4]. In 
contrast, coherent diffractive imaging (CDI) can be used to determine the 3D internal 
electron density of thick samples at high resolution  [7-9]. Following the first experimental 
demonstration in 1999 [10], CDI and its variants have been successfully applied to image a 
broad range of samples in physics, chemistry, materials science, nanoscience and biology [7-
9,11-22].  
With the advent of x-ray free electron lasers (XFELs) that produce extremely intense 
and short x-ray pulses [7,23,24], CDI has opened the door for high-resolution imaging of 
both physical and biological specimens based on the diffraction-before-destruction 
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scheme [25,26]. However, because an intense XFEL pulse will destroy a specimen after one 
exposure, it would be desirable to find a way to obtain 3D structure information from a single 
x-ray pulse. One method to achieve single-shot 3D structure determination is the use of the 
curvature of Ewald sphere and additional constraints such as symmetry and sparsity [27-30]. 
Here, we report for the first time quantitative single-shot 3D imaging of symmetrical 
nanoparticles with elemental specificity. We reconstructed the 3D electron density of 
individual Au/Pd core-shell nanoparticles from single-shot diffraction patterns with 6 nm 
resolution, and also determined the size of the Au core and the thickness of the Pd shell to be 
65.0±1.0 nm and 4.0±0.5 nm, respectively. We quantified the 3D elemental distribution 
inside the nanoparticle with an accuracy better than 2%. Finally, by implementing a semi-
automated data analysis and 3D reconstruction pipeline, we established a general method for 
high-throughput, quantitative characterization of a wide range of symmetrical nanostructures.   
Au/Pd core-shell nanoparticles were synthesized by a seed mediated growth method 
[31]. Au nanoparticles with truncated cubic shapes were prepared first as the cores. After the 
epitaxial growth of a Pd shell on the cubic Au core, the composite nanoparticles adopted a 
perfect cubic shape. SEM and TEM images shows a monodisperse shape and size distribution 
of the nanoparticles (Fig. 1 insets). The formation of Au/Pd core-shell structure was also 
implicated by the alternating bright and dark fringes in the TEM image caused by the 
superposition of two misfit crystalline lattices in a core-shell construction. The XFEL 
experiment was conducted using the SPring-8 Angstrom Compact Free Electron Laser [24]. 
Figure 1 shows the schematic layout of the single-shot 3D diffractive imaging experiment. X-
ray pulses with an energy of 6 keV and a repetition rate of 10 Hz were focused to a 1.5 μm 
spot by a pair of Kirkpatrick-Baez (K-B) mirror. Each pulse contained ~1011 photons with a 
pulse duration of 5-6 fs (Fig. S1 in the supplemental materials [32]). Nanoparticles were 
deposited onto a 100-nm-thick Si3N4 membrane grid and inserted into a multi-application x-
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ray imaging chamber where the sample was scanned relative to the x-ray pulses [33]. Single-
shot x-ray diffraction patterns were measured by an octal multi-port charge-coupled device 
[34]. The nanoparticles were destroyed after the impinging of x-ray pulses, leaving small 
holes on the Si3N4 membrane (Fig. 1 inset). A total of 39,151 diffraction patterns were 
acquired consisting of no, partial, single, and multiple hits. Single-hits were separated from 
these patterns based on a threshold of the average diffraction intensity. A good hit rate for 
single-shot diffraction pattern is around a few percent. From the hit candidates, we selected a 
subset of 34 diffraction patterns for further analysis.  
The 34 diffraction patterns were processed and reconstructed by using a semi-
automated 3D data analysis pipeline, shown in Fig. 2. From each diffraction pattern, the 
background was subtracted based on the most recently available background exposure. An 
additional flat background subtraction was required, the value of which was determined by 
first smoothing and thresholding each pattern to determine the background region. The final 
subtracted value was determined by the average nonnegative pixel intensity in the 
background region multiplied by a single scaling factor, whose value was optimized based 
upon the quality of the resulting reconstructions. The center of each diffraction pattern was 
determined based on the centro-symmetry of the diffraction intensity at the low spatial 
frequency. Since the diffraction patterns have larger oversampling ratios [35], each pattern 
was binned by 9×9 pixels to enhance the signal-to-noise ratio [36]. Figure S2 in the 
supplemental materials [32] shows the 34 processed single-shot diffraction patterns, in which 
the diffraction signal is limited by the size of the detector. The orientation of each single-shot 
diffraction pattern can in principle be determined by the self-common arc method [30]. But 
the 34 diffraction patterns in this experiment were oriented close to the four-fold symmetry 
axis as the majority of nanocubes sit flat on the surface of Si3N4 membranes (Fig. 1 insets). 
This allowed us to develop a simpler approach to refine the orientation of each diffraction 
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pattern. We first estimated the size of a nanocube based on the speckle size and experimental 
parameters. We then slightly changed the orientation of the nanocube and calculated the 
corresponding diffraction pattern. By minimizing the difference between the calculated and 
measured diffraction patterns, we determined the orientation of each diffraction pattern with 
an angular precision of ~0.5°.            
Each diffraction pattern was then projected onto the surface of the Ewald sphere [27].  
By taking into account of the curvature of the Ewald sphere and the 48 octahedral symmetry 
operations, a 3D Cartesian grid of the Fourier magnitudes was assembled by the following 
interpolation approach, 
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    (1) 
where หܨ௢௕௦൫ሬ݇Ԧ൯ห is the interpolated Fourier magnitudes on the 3D Cartesian grid, หܨ൫ሬ݇Ԧ௜൯ห is 
the measured Fourier magnitudes of the ith pixel projected onto the surface of the Ewald 
sphere,   ܹ൫ሬ݇Ԧ௜൯ represents a spherical interpolation kernel of radius ݀௖ (where ݀௖ = 0.7 
voxels in this case), ߂ߗ௜ is the solid angle subtended by the ith pixel of the detector and ߂݌ is 
the pixel size in reciprocal space. When the diffraction pattern has a large oversampling ratio 
and the Fourier magnitudes change smoothly [35], this interpolation approach is 
computationally efficient and accurate.   
Using Eq. (1), we produced a 3D Cartesian grid of the Fourier magnitudes for each 
single-shot diffraction pattern. A fraction of the grid points were filled in by the measured 
data and the remaining points were set as undefined. The phase retrieval was carried out by 
the oversampling smoothness (OSS) algorithm [37]. A total of 1,000 independent, randomly 
seeded 3D reconstructions were performed for each 3D grid of the Fourier magnitudes. Each 
reconstruction consisted of 1,000 iterations of OSS with ten progressive filters, positivity 
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constraint, and a loose support. The algorithm iterated between real and reciprocal space. The 
positivity and support constraints were applied in real space and the measured grid points 
were enforced in reciprocal space, while the undefined points were iteratively determined by 
the algorithm. An R-factor, defined as the sum of difference between measured and 
calculated Fourier magnitudes normalized by the sum of measured Fourier magnitudes, was 
used to monitor the convergence of the iterative algorithm. After 1,000 iteration, the majority 
of 1,000 independent reconstructions had converged and the top 10% with the smallest R-
factors were averaged to obtain a final 3D reconstruction. Because the quantity of data 
obtained during an XFEL experiment is so high, we have implemented a semi-automated 
pipeline for diffraction pattern selection, data analysis and 3D reconstruction (Fig. 2), 
allowing the visualization of the final 3D reconstructions during the experiment. By using 
this semi-automated pipeline, we obtained the final reconstructions of the 34 single-shot 
diffraction patterns (Fig. S3 in the supplemental materials [32]). Figure 3(a) and movie S1 
show the iso-surface renderings of a representative final reconstruction, in which the core and 
shell structures are clearly visible. To quantify the resolution, we calculated the Fourier shell 
correlation (FSC) between the final reconstructions of different single-shot diffraction 
patterns, which has been widely used to estimate the resolution in single-particle cryo-
electron microscopy [38]. Based on the criterion of FSC = 0.5, we estimated a 3D resolution 
of 6 nm was achieved for the reconstructions (Fig. 3(b)). The sudden drop of the FSC curve 
corresponds to the cut-off of the diffraction intensity by the detector edge, indicating that 
either the use of a larger detector or shortening the distance between the sample and the 
detector will improve the resolution.           
Next, we developed a model-fitting procedure to quantify the size and electron 
density of the core-shell nanoparticles. For each of the top 10% independent reconstructions 
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resulting from a single-shot diffraction pattern, a series of model core-shell nanocubes were 
compared using an error function, defined as 
ܧݎݎ ൌ  ∑ |ఘೝ೐೎ሺ௥Ԧሻିఘ೘೚೏ሺ௥Ԧሻ|ೝሬԦ ∑ ఘ೘೚೏ሺ௥ԦሻೝሬԦ    (2) 
where ߩ௥௘௖ሺݎԦሻ and ߩ௠௢ௗሺݎԦሻ are the electron intensity of the reconstruction and model, 
respectively. Each model was created at five times the voxel resolution of the reconstructed 
nanocubes. The core size, shell thickness, and ratio of core to shell density were varied, and 
the model was then binned and compared with the reconstruction. The model with the lowest 
error was recorded for each reconstruction, and the parameters of the matched models were 
statistically combined to assign a final fit to the set of reconstructions from a single-shot 
diffraction pattern. The results of this fitting are shown in Fig. 4. The average nanoparticle 
consists of a 4.0 ± 0.5 nm thick shell of Pd surrounding a uniform 65.0 ± 1.0 nm Au core. 
The average intensity ratio between the Au core and Pd shell was 1.69, which is within 2% 
agreement of the tabulated scattering factor ratio of 1.72 [39]. For 3D reconstruction methods 
that use multiple pulses, interpreting the reconstructed intensity as a direct representation of 
the 3D electron density is complicated by the inherent instability in the XFEL pulses [23,24], 
requiring nontrivial normalization before multiple exposures are merged into a single 
structure. Single-shot 3D reconstruction methods do not suffer from this problem, as the ratio 
of scattering factors is independent of the overall beam intensity. 
The ability to achieve single-shot 3D diffractive imaging of core-shell nanoparticles 
with elemental specificity has four significant implications. First, although we used core-shell 
nanocubes as a model system to demonstrate the quantitative characterization ability, this 
method can be applied to characterize the 3D structure of a wide range of nanoparticles with 
octahedral, icosahedral, cuboctahedral, decahedral, and trisoctahedral symmetry. Second, a 
3D resolution of 6 nm is currently limited by the geometry of the experimental set-up. 
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Further improvement of the instrumentation and the peak power of the XFEL pulse would 
allow sub-nanometer 3D resolution to be achieved without sacrificing the field of view of the 
sample [40]. Third, we have implemented a semi-automated data analysis and 3D 
reconstruction pipeline for high-throughput quantitative characterization of symmetrical 
nanostructures using XFELs. This quantitative characterization approach, coupled with 
advanced synthesis and computational methods such as molecular dynamics and ab initio 
calculations, is expected to expand our understanding of the critical structural and 
morphological features required to make superior catalysts, adsorbents, electrodes or 
semiconductors. Finally, we performed numerical simulations on single-shot 3D imaging of 
virus particles using XFEL pulses (supplemental text and Fig. S4 in the supplemental 
materials [32]), indicating our method can be used to determine the 3D structure of individual 
symmetrical viruses without the requirement of averaging identical copies. 
In conclusion, we demonstrated quantitative 3D imaging of Au/Pd core-shell 
nanoparticles with elemental specificity using single XFEL pulses. These core-shell 
structures are representative of a vast library of nanoparticles with varying chemical, 
catalytic, optical and electronic properties [1-4]. We developed a semi-automated and 
quantitative routine for analyzing nanostructures, and applied it to 34 isolated nanoparticles. 
Using the curvature of the Ewald sphere and symmetry intrinsic to the nanoparticle, we 
reconstructed highly reproducible 3D structures from single-shot diffraction patterns with a 
3D resolution of 6 nm on 5-6 fs timescales. We determined the size of the Au core and the 
thickness of the Pd shell to be 65.0 ± 1.0 nm and 4.0 ± 0.5 nm, respectively. The 
reconstructed electron density of the core and shell structure matches the tabulated scattering 
factor ratio of Au/Pd within a 2% deviation. This level of accuracy lends itself to quantitative 
high-resolution 3D characterization of a broad range of symmetric nanostructures in a high-
throughput fashion. 
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Figure Captions 
FIG 1. Schematic layout of the single-shot 3D diffractive imaging set-up. XFEL pulses with 
an energy of 6 keV and a pulse duration of 5-6 fs were focused to a 1.5 μm spot by a pair of 
K-B mirrors. A four-way cross slit was used to eliminate the parasitic scattering from the 
mirrors. Au/Pd core-shell nanoparticles with a monodisperse shape and size distribution 
(insets) were supported on a 100-nm-thick Si3N4 membrane grid and raster scanned relative 
to the focused beam. Each intense x-ray pulse produced a single-shot diffraction pattern, 
recorded by an octal multi-port charge-coupled device. A small hole was created on the Si3N4 
membrane after a single exposure (insets).  
FIG 2. Semi-automated data analysis and 3D reconstruction pipeline. (a) A large number of 
diffraction patterns were experimentally collected consisting of no, partial, single, and 
multiple hits by XFEL pulses. High-quality single-hit diffraction patterns were selected from 
these patterns. The different colors in the pattern are due to the difference of the read-out 
noise of the detector segments. (b) After background subtraction and center localization, each 
diffraction pattern was binned by 9×9 pixels to enhance the signal-to-noise ratio and the 
orientation of the pattern was determined. (c) By taking advantage of the curvature of the 
Ewald sphere and symmetry intrinsic to the nanoparticle, a single-shot diffraction pattern was 
used to produce a 3D Cartesian grid of the Fourier magnitudes by a gridding method. (d) The 
3D phase retrieval was performed by the OSS algorithm. Among 1,000 independent 
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reconstructions, the top 10% with the smallest R-factors were averaged to obtain a final 3D 
reconstruction for each single-shot diffraction pattern.    
FIG 3. Quantitative analysis of the 3D recosntruction. (a) Iso-surface renderings of a 
reconstructed core-shell nanoparticle, showing a Au core surrounded by a Pd shell. (b) 
Average Fourier shell correlation (FSC) between every pair of the 34 reconstructed 
nanoparticles, indicating a 3D resolution of 6 nm based on the criterion of FSC = 0.5. (c) 
Central 32-nm-thick slice of a final 3D reconstruction with an overlaid line scan plotted in 
(d), showing the electron density variation of the Au core and Pd shell.   
FIG 4. Quantification of the Au/Pd core-shell structure using a model-fitting procedure. (a) 
and (b) The distribution of the core size and shell thickness obtained from 34 single-shot 
diffraction patterns. Each data point shows the mean and standard deviation of the top 10% of 
1,000 independent reconstructions for a single-shot diffraction pattern. The horizontal red 
lines indicate the average core size and shell thickness for 34 nanoparticles. (c) and (d) The 
core/shell distribution of the 34 nanoparticles, indicating the size of the Au core and the 
thickness of the Pd shell are 65.0±1.0 nm and 4.0±0.5 nm, respectively.       
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